5. STRUCTURAL RESPONSE

5.1 Finite Element Calculations for Impacts onto Rigid Targets
5.1.1 Introduction

To determine the response of the generic casks, finite element calculations for impacts onto rigid
targets were conducted. For all of the analyses in this report, the Sandia-developed non-linear
transient dynamics finite element program PRONTO-3D [5-1, 5-2, 5-3] was used to determine
the damag e resulting froeach impact. PRONTO is a shock-wavepagation code, especially
developed for impact problem types. It uséisna marching explicit integration of the equation

of motion to deter mine the response of the structure. Inputs to the code are geometry (including
boundary conditions), material properties, ariiilainvelocities. This type of codapdates the
position of eachnode ateach time step, which allowfer both material and geometric non-
linearities. One result of thispproach is that strains reported are true strains, rather than
engineering strains that are based upon the undeformed geometry. PRONTO has been
extensively benchmarked for analyses of cask response [5-4, 5-5].ea¢torgeneric cask,
calculations were performed for impacts in end-on, CG-over-corner, and side-on orientations.
The response of the casks at other orientations is sufficiamilarsto (or bounded by) these
results to be enveloped by them. For impact angles between end-on and 5 degrees from vertical,
the end-on analysis resultsliwe used. For impacts between 5 degrees vertical to 70
degrees from vertical the CG-over-corner analysis resultsenmised. For impacts between 70
degrees from vertical to horizontal, the side-on analysis resiiltbemused. All impacts are
assumed to be onto a flat, rigid surface with tliteainvelocity perpendicular to theudace.

While it is possible for a cask to impact a surface that is not flat (such as a bridge column) in a
side impact orientation (such that the contact occurs between the impact limiters), this type of
accident was not considered. An impact of this type pnbvides loading and, therefore,
deformation to the cylindrical portion of the cask away from the closure area. This part of the
cask is extremely ductile, and can withstand deformations greater than the cask diameter without
causing the cask to release radio active material.

To shorten the analysisnes and avoid calculation of the very large shear strains that occur in
the impact limiter, at the start of all of the analyses it was assumed that the impact limiter has
already been driven into the lock-up region (the point at which the material stops behaving in a
crushable manner). The initial and crushed size of the impact lifatezach cask are given in

Table 5.1. Figure 5.1 shows thatial and pre-crushed geometry of an impact limiter. The
amount of energy absorbed by the imgdamiter prior to lock-up is equivalent to the kinetic
energy from the regulatory drop test. Using the pre-crushed ifmpiget, analy ses with impact
velocities of 30, 60, 90, arkP0 mph are conducted feach cask and orientation. If the energy
required to crush the impact limiters is added to the initial kinetic energy of the cask, these
analy sis velocitiesacre spond to actual impact vekwes of 42, 67, 95, andl24 mph. However,
throughout this report the calculations will be identified as 30, 60, 90, and 120 mph impact cases.
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Table 5.1 Impact Limiter Geometry (in inches)

Cask Cask Engagemen| Initial End | Crushed End | Initial Side | Crushed Side
Diameter t Thickness Thickness Thickness Thickness
Length
Seerteac 75 12 12 4 12 4
gtgg:?rﬁ)fck 28 12 12 4 12 4
§§gg|"§gﬁ‘d' 80 14 14 4.67 14 4.67
'\R/';?O"th'c 85 14 14 4.67 14 4.67
o SIDE — 3=t=r CASK =
THICKMESS | DIAMETER
A
ENGAGEMENT
LENGTH
-- PRECRUSHED GEOMETRY - I
IMITIAL GEOMETRY END THICKNESS
- e T

Figure 5.1 Geometry of the initial and pre-crushed impact limiter.

5.1.2 Assumptions for Finite Element Models

While itis possible to create a finite element mesh that accurately models all of the details of the
generic cask models, using these models requires too much compu tation ireemany cases

considered in this work.

For this reason, simplifying assumptions were made.

All of the

impacts considered have a plane of symmetry through the long axis of the cask, so it is only
neces sary to model one-half of the structurguré 5.2 shows the finite element model used for
the lead shielded rail cask, typical of the models used for all of these analy ses.



Figure 5.2 Finite element model of the steel-lead-steel rail cask in the
CG-over-corner drop orientation.

For all of the sandwich-wall casks the inner and outer steel layers were modeled with zero-
thickness shell elements. This type of element accurately captures the bending behavior and axial
forces in the shell, but does not incorporate stresses in the direction perpendicular to the shell
surface. Where this fact has the greatest influence is in the contact between the various layers.
If the geometry of the contents and shielding layer are modeled correctly, it is impossible for a
zero-thickness shell element to be contacting both the contents and the shielding. In these finite
element models the shell elements are located at the mid-thickness of the wall layer they
represent. This leaves a gap between the contents and the shell and between the gamma
shielding and the shell. The gap between the contents and the shell is typical of spent fuel casks,
but the gap between the gamma shielding and the shells results in having the gamma shielding
(and the shells) unsupported for motion in the direction transverse to the shells. This results in
larger deflections and strains in the sandwich wall for the model than would occur in reality. For
casks with lead gamma shielding the lack of lateral support results in a significant over-
prediction of the amount of lead slump. Figure 5.3 shows a detailed view of the end of the steel-
lead- steel rail cask.
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Figure 5.3 Detail of the end of the steel-lead-steel rail cask finite element model.

CASK END FORGING

The behavior of the neutron shielding and its liner has little effect fmmnukgions to the
remainder of the cask, but any effect is beneficial. For this reason, these components are not
modeled, but rather their mass is lumped with the mass of the contents to achieve the correct
package weight. The contents and basket are treated as a homogenous crushable material. The
crush strength of this material is chosen from the buckling strength of PWR fuel pins subjected
to axial loads. The density of this material is adjusted so that the total weight of the cask is equal
to the specified weight from Chapter 4. Modeling of the basket and contents in this manner does
not allow direct determination of the behavior of the fuel rods, but provides an assessment of the
loads that these components traitanto the structurgbortions of the cask. Because the only
purpose of the contents within the model is to provide loading onto the cask, variations in their
material properties hdittle effect on the analysis results. A description of how fuel behavior is
deter mined from the finite element results is given in Section 5.4.

As indicated earlier, the crushing behavior of the impact limiters is not modeled. They are pre-
crushed at the beginning of the analysis. To account for the post-crush behavior of the impact
limiters they are treated as a solid with a density equivalent to a typical denduy crushed
aluminum honeycomb. The yield strength of this crushed material is typical for fully crushed
1000- psi aluminum honeycomb. The finite element model assumes that the entir dirmipact

has been fully crushed, so the geometry in the model remains axi-symmetric. No attempt is
made to model the attachments of the impact limiters; they are held in place only by inertia. If the
inertial forces are not sufficient to keep the imgiaditer in placeduring the impact event, then

the cask body W impact directly onto the rigid isface. Real casks have impdiatiter
attachments that are usually designed so the impact limiters stay attacingdthe regulatory
impact tests.

For all of the analyses, the initial velocity vector of the cask is assumed to be perpendicular to the
rigid surface. All of the interior contact surfaces in the model (between the contents and the

inner shell, the gamma shielding and both shells, the lid and the cask body, and the cask body
and the impact limiter) are assumed to be frictionless. The contact between the cask and the rigid
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surface is also frictionless. For most aspects of the problem this assumption is conservative, as
there is no loss of impact energy because of frictional heating. Including friction at contact
surfaces tends to cause the various parts of the modeled structure to behave more like a single
piece (decreases separation of the parts of the structure being modeled). Including friction would
also decrease the amount of impact energy available to cause structural deformation, as some of
the energy would be absorbed by frictional heating. Lack of friction and the direction of the
initial velocity guarantee that the displacement, velocity, and acceleration vectors will always be
in a direction that is perpendicular to the rigid surface. Tlilsbe important when deriving the
force-deflection curves for the casks in Section 5.2.2.

The closure of the cask is explicity modeled. The lid is recessed intmdlyeof the cask and

held in place with either 12 (6 in the half-symmetric model) 1-inch diameterfbolise truck

casks or 24 (12 in the half-symmetric model) 1.75-inch diameter bolts for the rail casks. The
bolt model cross-section is square with square heads. The area of the square bolt shank is the
same as the area of a round bolt. The edges of the heads are rigidly attached to the cask lid, and
the bottom of the shank is rigidly attached to the cask body. Figure 5.4 shows the cross-section
through the center of a typical bolt and an isometric view of a single bolt. All of the contacts are
tied via coincident nodes. Thatial preload in the bolts caused by tbequie applied to them

when the cask is closed is neglected. Neglecting this preload is conservative because the preload
must be overcome by loading from the contents before there is any deformation to the bolts.
This factor makes a preloaded closure have smaller openings than a closure without preload.

Modeling the bolt in this way forces all of the deformation of the closure to take pl the

short section that represents the shank of the bolt. Figure 5.5 shows how this method of
modeling the bolt depicts shear deformations and tensile deformations. In a real closure,
movement between the lid and the cask bodlybg accommodated by file mation of the bolt

head and seat, sliding in the clearance hole, and stretching over a longer length of the bolt.
These differences make the modeled bolts stiffer than the real bolts for tensile deformations,
which leads to an over-prediction of bolt strain and an under-prediction of bolt stretctius8

the bolts (in the model and in reality) are much less stiff than the closure, the over-prediction of
strain is much more significant than the under-prediction of aieplent. The effect on leak

area is discussed in section 5.1.4.

The O-ring grooves and O-rings for the seals are not included in the model, but the deformations
in the sealing surfaces at the locations of the O-rings are tracked to determine when there is
sufficient opening to cause permanent failure of the seal. From tests performed at Sandia on
closure movements using 0.25-inch nominal O-rings, it has been determined that elastomeric
O-rings can withstand greater than 0.070 inches of opening witho ut losing itigitabontain

helium at one atmosphere of differential pressure [5-6]. These O-rings hatiahrprie-
compression of about 0.075 inches. For the larger O-rings (compared to the Sandia study)
typical of spent fuel casks, the larger amount of pre-compression implies there should be no
material release for openings up to 0.100 inches.
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Figure 5.4 Typical model of a bolt used in the finite element analyses.
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Figure 5.5 Modeling of the deformation in the bolts. The solid lines indicate the bolt
position after being deformed and the dashed lines indicate the initial bolt position.

5.1.3 Material Models

The casks and contents modeled in this study consist of six different materials. The lids, ends,
and structural portions of the walls are 304L stainless steel. The bolts are a high-strength
stainless steel. The impact limiters are crushed alumhmnaycomb. The gamma shielding is

either lead, depleted uranium, or stainless steel. The basket and spent fuel are modeled as a
homogenized crushable material.

The stainless steel is modeled with a power-law harde ning material model. This model treats the
material as elastic up to the limit moportiondty and captures the plasticity by the equation:

o=0,+AE, ¢ [0 (1)

where g, is the stress at the limit gfroportiondity, A is the hardening constant, is the
equivalent plastic strairg, is the Luder’s strain (the flat portion of the stress-strain curve

immed iately after yieldindgor low-carbon steels),IJindicates the Heaviside function where the

expression enclosed in the brackets is unchanged when positive and equal to zero when negative,
and n is the hardening exponent.

For 304L stainless steel the parameters usew are28 ksi, A = 192.746 ksig, = 0, and
n = 0.74819. For the elastic part of the curve E = 28,000 ksiartd27 [5-7].

The high-strength bolts (SA-540 Grade B23 Class 5 [5-8]) are modeled with a bi-linear elastic-

plastic material model. The parameters useware 105 ksi, E = 30,000 ksy = 0.3, and
E, =30 ksi. The crushed aluminum honeycomb impiauters are modeled using the power -

law hardening model with, = 4250 psi, A= 32.7ksg_= 0, n = 0.325722, E = 9,900 ksi and
v = 0.33. The lead is modeled using the power-law hardening modebwith2000 psi,
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A = 800 psi,g, =0, n =0.5 E = 2,000 ksi and= 0.27. These are the same material
properties that were used in the benchmarking analyses of Ludwigsen and Ammerman [5-4].

The depleted uranium is modeled with a bi-linear elastic-plastic material moded, wit0 ksi,
E = 28,000 ksiy = 0.3, and = 150 ksi [5-9].

The homogenized basket and spent fuel are modeled with a material model originally developed
for low-density polyurethane foams. This model is defined by ttiel imield strength of the

material @), initial elastic stiffness (E) and Po@sss ratio ¢), the hardening modulus (A), the
solid material volume fractiomp), the initial gas pressure in the materig),(and the strength of

the solid portions (poly) [5-10]. For these analyses the values for the material propedaijes are
=1700 psi, A= 1700 psi, poly = 30,000 psj,$14.7 psi,¢= 0.6, E = 1000 ksi, and =

0.0.

A summary of the material properties for all of the materials used in the analyses is given in
Table 5.2. All of these material models accurately capture the three-dimensional state of stress
and strain within finite element analy ses.

Table 5.2 Material Properties Used in the Finite Element Analyses

g, or
Material E o, AorE, poly P,
Iltem Model (kst) Vv (ksi) (kst) n (kst) | @ | (psi)
Stainless| Power-law| 28,000 0.27 | 28 193 | 0.7482
Steel hardening
Bolts Elastic- 30,000| 0.30 [ 105 30
plastic

Impact | Power-law| 9,900 0.33 4.25 32.7] 0.3257
Limiters | hardening

Lead Power-law| 2,000 | 0.27 2 0.8 0.5
hardening
Depleted | Elastic- 28,0001 0.3 20 150
Uranium | plastic
Contents| Crushabld 1,000 0.0 1.7 1.7 30 0.6 14)

5.1.4 Finite Element Results

Using finite element analyses to determine the ability of the casks to maintain containment

requires investigation of all of the areas and factors that may result in a loss of containment. For

these casks the main factors to consider are maximum tensile plastic strains in the containment
boundary, maximum tensile plastic strains in the closure bolts, and deformations in the region of

the seals. For the sandwich-wall casks the containment boundary is the inner shell, but the
development of a tear in this shell does not necessarily imply a loss of containment if the outer

shell remains intact. None of the finite element impact analyses indicated strains above 70

percent in this shell, so no tearing is predicted to take place (the true strain afdaiB04L is
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greater than 120 percent). Table 5.3 shows the maximum level of plastic strain observed in the
inner shell for the three sandwich wall casks. The strain levels in the other portions of the cask
were lower than those in the shells. A strain fringe plot for the 120-mph impact of the steel-lead-

steel truck cask is shown in Figure 5.6. EQPS is the equivalent plastic strain, and is the non-
directional three-dimensional measure of stretching in the material. Siguleedifor all of the

analy ses are given in Appendix A.

Table 5.3 Maximum Plastic Strain in the Inner Shell of the Sandwich Wall Casks

Cask Corner Impact End Impact Side Impact
Speed Strain Speed Strain Speed Strain

(%) (%) (%)
Steel-Lead-Steel 30 mph 12 30 mph 3.9 30 mph n.a.
Truck 60 mph 29 60 mph 12 60 mph 16

90 mph 33 90 mph 18 90 mph 24
120 mph 47 120 mph 27 120 mph 27
Steel-DU-Steel Truck 30 mph 11 30 mph 1.8 30 mph 6

60 mph 27 60 mph 4.8 60 mph 13

90 mph 43 90 mph 8.3 90 mph 21
120 mph 55 120 mph 120 mph 30
Steel-Lead-Steel Rall 30 mph 21 | 30 mph 30 mph 5.9

13

1.9
60 mph 34 60 mph 55 60 mph 11
90 mph 58 90 mph 13 90 mph 15
120 mph 70 120 mph 28 120 mph  n.a.

EQPS

J— 1
—— ]

Figure 5.6 Deformed shape and plastic strain fringes for the steel-lead-steel
truck cask following a 120-mph impact in the side-on orientation. The maximum
plastic strain (indicated by the asterisk) occurs in the outer shell. The maximum

strain in the inner shell is 0.27.



For the monolithic rail cask the maximum strain on the interior surface of the cask is less than
60 percent for all analyses. The maximum occurs at the lid-caslacetenf the 120-mph side
impact case. At this location most of the plasticity is caused by compression, so there is no
possibility of material failure. Table 5.4 lists the maximum strains on the inside of the cask for
these analyses.

Table 5.4 Maximum Plastic Strains on the Inside of the Monolithic Rail Cask

Corner Impact End Impact Side Impact
Speed  Strain Speed Strain Speed  Strain

(%) (%) (%)

30 mph <10 30 mph <2 30 mph <10
60 mph <20 60 mph <5 60 mph <30
90 mph <30 90 mph <10 90 mph <50
120 mph <50 120 mph <17 120 mph <60

The chance of a closure failure is directly related to the deformations between the cask lid and
cask body and tensile or shear failure of the bolts. For the conservative bolt model used in these
analyses, the maximum strain in any of the bolts is showialie5.5. Several of these analyses
indicate bolt strains that are high enough that failure of the bolt is likely (strains greater than 50
percent). The bolt material has a specified percent elongation greater than 15 percent and a
specified percent reduction of area greater than 50 percent [5-8]. This correlates to a true strain
at failure of 69 percent. A value of 50 percent is conservatively chosen to indicate bolt failure
because the material model u$edthe bolts has the true stress in the bolts equal tdtimeate

tensile stress (an engineering stress) at a strain of 50 percent. Limiting the bolt stress to the
ulimate tensile stress also assures that the bolt threads will not fail. Bolt true strains that are
higher than 50 percent are showrbalid in thetable. Several other analysedicate boltstrains

that are high enough that failure of the bolts is possible (true strains higher than 25 percent).
These bolt strains are shownitadics in the table. Analysis for one of the cases where bolt
strains indicate that bolt failure could occur including a failure model for bolts with strains
greater than 50 percent shows that even if some of the bolts fail, the remaining bolts will hold the
lid in place. Comparison of the closurdadenations for this case with those for the same case
without the bolt failure model indicates only minor differences (less than 20% for the side impact
and only a few percent for the corner impact). This@bse the bolt loads are primarily caused

by a displacement disco ntinuity between the ¢casky and the lid.
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Table 5.5 Maximum True Strain in the Closure Bolts

Cask Corner Impact End Impact Side Impact
Speed Strain | Speed Strain Speed Strain
(%) (%) (%)
Steel-Lead-Steel Truckl 3 mph 3 30 mph 1| 30 mph n.a
60 mph 6 60 mph 3| 60 mph 2
90 mph 9 90 mph 51 90 mph 5
120 mph 11| 120 mph 71 120 mph 10
Steel-DU-Steel Truck 30 mph 5 30 mph o| 30 mph 1
60 mph 9 60 mph 3| 60 mph 4
90 mph 19| 90 mph 7 90 mph 10
120 mph 22| 120 mph 91 120 mph 18
Steel-Lead-Steel Rall 30 mph 19| 30 mph 6| 30 mph 14
60 mph 37| 60 mph 3| 60 mph 106
90 mph 60 90 mph 9 90 mph 151
120 mph 102 120 mph 14 120 mph n.a.
Monolithic Rail 30 mph 14 | 30 mph 4 [ 30 mph 15
60 mph 40| 60 mph 14 60 mph 32
90 mph 67 90 mph 33 90 mph 104
120 mph 80 | 120 mph 58 120 mph 170

The amount of defor mation between the cask body and the lid at the location of the O-ring seals
determines if a leak path from the cask is generategause the segrooves were not explily

included in the model, the deformation at a location that is near where the O-rings would be
located is used. For each model the displacement of twupgisr point and lower point) of

two nodes on the cask lid and one node on the cask body are track edirfe@sall Initially these

three nodes are co-linear, with the body node lying between the two lid nodes. From the
displacement time histories, the@amt of seal separation and seal sliding can be determined.
The seal separation is defined as the movement of the body node that is normal to the line
between the two lid nodes. The sliding is defined as the movement of the body node along the
line between the two lid nodes. Figure 5.7 shows theseackspéntsfor the 90-mph end

impact of the monolithic steel rail cask. Figure 5.8 shows a tyjneal historyfor opening
displacement. Similarucves for all of the analyses are included in Appendix A. Table 5.6
shows the seal region displacements at the end of the finite element analysis. Because the only
location for leakage of radio active materials is at the closure, and the high degree tifywariab
closure designs, identical analyses with less stiff bolts were performed for the 60 mph corner
and side impacts of the monolithic steel rail cask. To perform these analyses the elastic modulus
and strain-hardening modulus of the bolt steel were reduced by a factor of three. These analyses
resulted in nearly identical opening displacements as the original analyses. Theseupgsuits s

the hypothesis that the cask wall and lid are much stiffer than the closure bolts, and the opening
displacements are the result of displacement discontinuities between thedasknd lid, and

are not greatly affected by bolt clamping force.
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For the end-on impact orientation analyses the atiepients at the end of the finite element run

had not reached a stable value. For these analyses a range of final displacements is given in the
table. This oscillatory response is caused by the lack of friction and material damping within the
finite element model. Numerically these oscillations will continue while the cadboisn@ing.

In reality, the friction and other damping mechanisms will quickly cause these oscillations to
stop, and the final displacements will belaiwt the middle of the range shown in the table.

The many factors affecting closure opening and the way they interact can fagrtsing results.
For example, the maximum true strain in the clofnks forthe leadshieldedrail cask is higher
for the 30-mphimpact than it isfor the 60-mph impact. In addition, famany of the impacts
increasing the impact velocity results in a decrease in closure opening as shown in Table 5.6.

Node B
final pos. rp—
Nodo A m— Node B Node C
initial pos.
Cask
Body
Cask Lid
~ Opening
displacement Node B
l final pos.
o
_— © I NodeB Node C
Node A| | . tinitial pos.

Sliding displacement

Figure 5.7 Seal region displacements for the 90-mph end
impact of the monolithic steel rail cask.
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Figure 5.8 Time history for lid opening displacement for the 60 mph
side-impact of the monolithic steel rail cask.

Table 5.6 Seal Closure Displacements, in Inches, at the End of the Analysis

Cask Analysis | Corner Impact End Impact Side Impact
Velocity [opening[ Sliding| Opening Sliding Opening| Sliding
Steel-Lead-Stee] 30 mph | 0.02 0.01 | 0.000-0.002 0.000-0.002 - -
Truck 60 mph | 0.02 0.03 | 0.001-0.003 0.001-0.004 0.01 0.02
90 mph | 0.02 0.06 | 0.000-0.002 0.003-0.009 0.02 0.02
120 mph | 0.04 0.04 0.002 0.02 0.02 0.01
Steel-DU-Steel | 30 mph | 0.02 0.07 | 0.005-0.012 0.001-0.004 0.01 0.02
Truck 60 mph | 0.08 0.07 0.01-0.02 | 0.003-0.00 0.01 0.01
90 mph | 0.02 0.10 - - 0.01 0.02
120 mph [ 0.03 0.15 0.013 0.03 0.004 | 0.02
Steel-Lead-Stee] 30 mph | 0.01 0.14 | 0.001-0.022 0.009-0.012 0.01 0.02
Rail 60 mph | 0.08 0.32 | 0.000-0.016 0.01-0.02 | 0.02 0.01
90 mph | 0.24 0.74 | 0.004-0.005 0.097-0.101 0.02 0.02
120 mph | 0.51 1.18 | 0.001-0.018 0.20-0.22 | - -
Monolithic Raill | 30 mph | 0.04 0.20 | 0.007-0.053 0.04-0.05 | 0.01 0.01
60 mph | 0.10 0.36 0.04-0.12 0.09-0.10 | 0.04 0.01
90 mph | 0.22 0.48 0.03-0.13 0.38-0.39 | 0.08 0.09
120 mph | 0.44 0.59 0.09-0.16 0.668 0.12 -
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To determine the leak area that results from these openingadisyants, the influence of the
pre-compression of the elastomeric O-ring and the width of the opening must be considered. For
cases with maximum openings of less than 0.100 inches, the pre-compression of the O-ring (as
much as 0.112 inches for 3/8-inch O-rings and 0.150 inches for 1/2-inch O-rings at 30 percent
compression for statiafe seal anfigurations [5-11]) W allow it to recover sfficiently to

maintain an adequate seal to prevent release of radioactive material. For opening displacements
between 0.100 and 0.200 inches, the difference in bolt strains indicates that the opening only
occurs at the location of one bolt. The width of the leak path is then equal to the bolt spacing
(6.38 inches for the rail casks). However, for part of this width, the actual opening
displacement will be less than the O-ring compression;furerethe area of the resulting hole is
calculated by truncating the base (the truncated part has a height of 0.100 inches) of an isosceles
triangle with a height of the opening displacement and a width of the bolt spacing. For opening
displacements betweer200 and 0.300 inches, the opening occurs over two bolt spacings, and
for opening disgcements greater than300 inches, it is assumed the opening occurs over three

bolt spacings. For opening displacements greater tf30 Gnches, the resulting leak area is
sufficiently large that increasing the width of the openinglitiiessor no effect on the amunt of

release. Table 5.7 summarizes the leak path calculations for the analyses where the maximum
closure opening is greater than 0.100 inches.

Table 5.7 Calculated Rail Cask Closure Hole Sizes

Cask Velocity | Orientation Opening Opening | Leak Path
(mph) Displacement | Width Area
(inches) (inches) (in?
Steel-Lead-Steel Rali 90 Corner 0.243 12.76 0.54
120 Corner 0.512 19.14 3.2
Monolithic Rail 60 Corner 0.103 6.38 0.00028
90 Corner 0.216 12.76 0.40
120 Corner 0.439 19.14 2.5
120 Side 0.123 6.38 0.014

An additional result of impact accidents can be loss of shielding. For the two lead-shielded
casks, loss of shielding is a result of the slumping of the lead. For the monolithic steel rail cask
there is no loss of shielding, but there may be some radiation streaming through the closure. For
the steel-DU-steel truck cask, the model does not include any gaps between forged DU
segments, so there is no loss of shielding. Lead slump occurs mostly in the end-on impact
orientation, with a lesser amount in the CG-over-corner orientation. In the side-on orientation
there is no significant reduction in shielding. The zero-thickness shell elements in the finite
element model allow the lead additional space to flow foreecontacting the wall. This
increases the observed amount of lead slump. Figure 5.9 shows the steel-lead-steel rail cask
following a 120-mph end impact.

5-14



Figure 5.9 Slumping of lead and contents following a 120-mph
end-on impact of the steel-lead-steel rail cask.

5.1.5 Benchmarking of Finite Element Calculations

Typical analyses used to certify a cask do not indicate the large levels of strains seen in these
analyses. To be confident that analyses of this type are capturing the true response of the
package they must be compared to similar analyses that have been demonstrated to be accurate.
In the mid 1990s Sandia performed a series of tests and analyses of the Structural Evaluation
Test Unit (SETU). End impact tests of 30, 45, and 60 mph were performed. This test unit was
roughly a 1/3-scale model of a steel-lead-steel walled rail cask. In this program excellent
agreement was obtained between two-dimensional axi-s ymmetric finite element analyses and end
impact tests. In addition, a 7 degrees off-axis impact test at 60 mph was performed and
compared to 3-D finite element calculations. Again there was excellent agreement between the
analy sis and test results. The finite element models used in the SETU program wearsileery s
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to those used here [5-4]. For the 3-D finite element analysis the inner and outer shells were
modeled using the same shell elements as this report. However, in the SETU analyses the
location of the zero-thickness shell elements was adjacent to thedeaudsd there was no
possibility for 2-sided contact on the shells. Appendix B of this report gives a detailed
description of the SETU analyses.

5.2 Impacts onto Real Targets
5.2.1 Introduction

The finite element results discussed in the previous section are all for impacts onto a rigid target.
For this type of impact, the entire kinetic energy of the impact is absorbed by the cask. For finite
element analyses a rigid target is easily implemented by enforcing a recetisgmhtoound ary
condition at the target surface. In real life, the construction of a rigid target is impossible, but it
is possible to construct a target that is sufficiently rigid that increasing its rigidity does not
increase the amount of damage to the cask. Thiecaube in real impacts there is a sharing of
energy absorption between the cask and the target. If the target is much weaker than the cask,
the target will absorb most of the energy. If the target is muchgar than the cask, most of

the energy will be absorbed by the cask. In this section the partitioning dfofineenergy
between the four generic casks and several “real-world” targktbewdeveloped irorder to

obtain impact speeds onto real surfaces that give the same damage as impacts onto rigid targets.
Impacts onto hard desert soil, concrete highways, and hard rock are considered. Impacts onto
water surfaces are not extlc treated, but are discussed. In addition, phebalility of

puncture of the cask caused by impact against a non-flat surface (or impact by a puncture probe)
is developed.

5.2.2 Methodology

The finite element analy ses discussed in the preceding sections weraalited assuming the
impact limiter had already been fully crushed. As aresult, itis not possible to use these analyses
to deter mine real target impact velocities that equate to the mgulapact. Impackmiters are

typically designed to protect the baskets and spent fuel in a cask frorach@lbrations. For

this reason, most spent-fuel casks have vemtas impact limiter designs. Cask behavior for
regulatory impacts is primarily a function of impéaiter design, and not cask design. This
allows the results from the Modal Study [5-15] steel-lead-steel casks (which included the impact
limiters for 30-mph impacts) to be used for the generic casks used in this study to determine
equivalent real target impact velocities at rigid target impact velocities of 30 mph.fofiéefer

impacts onto real targets that equate to the regulatory impact, the results from the Modal Study
are used for all surfaces except hard rock. For the hard rock impacts it is assumed the target
absorbs no energy and the equivalent velocity is equal to the rigid target velocity. For impacts at
higher velocities, the metho dgly described below is used.

For each finite element calculatifor impact onto a rigid target the total kinetic energy of the
finite element model is output at 1fd@e- stepstrough the analysis. The total kinetic energy is
one half of the sum of the mass associated with eacte times the velocity of thahode
squared. Figure 5.10 shows kinetic endngg- historiesfor the steel-lead-steel truck cask for

5-16



each orientatiofrom the 120-mph impact analyses with pre-crushed injpaitérs. From the
time-hisbry of kinetic energy, a velocityime history is derived. The rigidody velocity for

each time-step is calculated assuming that all of the kinetic energy of the model is caused by
velocity in the direction of the impact. Equation 2 shows this mathe matically.

2KE,
V, = /Zmi )

where vis the velocity at time t, KBs the kinetic energy at time t,, i the mass associated
with node I, and the summation is over all of the nodes in the finite element model.

Steel-lead-steel Truck Cask 120 mph Impact
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Figure 5.10 Kinetic energy time histories for the steel-lead-steel truck cask from
120-mph impact analyses in the end, side, and corner orientations.
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Numerical integration of the velocity time-tust gives the disgicement of the centef-gravity

of the model. A large portion of this displacement is the result of the-cérgeavity moving

down from the geometric center of the cask due to lead and contents slump. Numerical
differentiation of the velocity time-h@ty gives rigid-bodyacceleration. The contafirce
between the rigid target and the cask at any time is assumed to be equal to thedyigid
acceleration times the mass of the cask. This result®nee time-higiry. Combination of the

force time-higiry and the disglcement time- histy results in a force-deflection curve fach

cask and impact velocity. Figure 5.11 shows the force deflection curves derived from the kinetic
energy time- histories shown ingre 5.10. Numerical integration of the force-deflection curve
results in energy absorbed by the cask. At the end of the analysis the energy absorbed by the
cask is equal to the initial kinetic energy.

Steel-lead-steel Truck Cask 120 mph I mpact
For ce-Deflection Curves

35107 ——
i - \
: ] [
e 9
o l. .l. :.
3107 nal
L L
:- -
.t LI ]
o oags
2510 .
(7] : "
-8 : . End
S . | |esmaa= Side
S 210" bt . = = =Corner
o . .
o ' .
) ' .
L 7 fllw .
= 1510 .'._- .
g N
[ n! :
o . .
O ’ .
110’ .
E | : M
5107 T e
’ N ‘\‘.‘Q
1 . b
o L T Nea
0 1 2 3 4 5

Cask Deflection (feet)

Figure 5.11 Force-deflection curves for the steel-lead-steel truck cask from the 120-mph
impact analyses in the end, side, and corner orientations.
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For each analysis the peak conticte is determined. Table 5.8 lists these forces. For an
impact onto a real target to be as damaging to the cask as the impact onto the rigid target, the
target must be able to impart a force equal to this peak force to the cask.

The energy absorbed by the target in developing this force is added to the initial kinetic energy of
the cask. This total absorbed energy is used to calculate an equivalent velocity by replacing KE
in Equation 2 with the total energy.

Table 5.8 Peak Contact Force From Impacts Onto Rigid Targets (Pounds)

B Cask Corner Impact End Impact Side Impact
Steel-Lead-Steel 30mph 2.3E6| 30mph 9.0E6| 30mph 5.7E6
Truck 60 mph 5.0E6| 60mph 1.3E7| 60mph 1.4E7
90 mph  7.0E6( 90mph 1.7E7| 90 mph 2.2E7
| - _ 120 mph  1.0E7 | 120 mph 2.0E7 | 120 mph 3.4E7
Steel-DU-Steel Truck 30 mph  6.5E6| 30mph 1.0E7| 30mph 9.0E6
60 mph 1.1E7| 60mph 1.3E7| 60mph 2.3E7
90 mph 1.4E7| 90mph 1.5E7| 90 mph 3.4E7
| _ _ 120 mph  1.7E7 | 120 mph 1.7E7 | 120 mph 4.9E7
Steel-Lead-Steel Rall 30 mph  1.3E7| 30mph 3.8E7| 30mph 1.8E7
60 mph 2.3E7| 60mph 6.8E7| 60mph 4.4E7
90 mph  3.6E7| 90mph 8.3E7| 90mph 6.2E7
_ 120 mph n.a. 120 mph  1.1E8 | 120 mph n.a.
Monoalithic Rail 30mph 2.1E7| 30mph 3.8E7| 30mph 2.2E7
60 mph 3.9E7| 60mph 9.5E7| 60mph 5.4E7
90 mph  5.8E7| 90mph 1.1E8| 90 mph 9.5E7
120 mph  7.5E7 | 120 mph 1.3E8 | 120 mph 1.1ES8

5.2.3 Soil Targets

The force that hard desert soil imparts onto a cask following an impact was derived from results
of impact tests performed by Gonzales [5-13], Waddoups [5-14], and Bonzon and Schamaun
[5-15]. The tests by Gonzales and Waddoups used casks that were comparable to the generic
casks of this study. The tests by Bonzon and Schamaun were with casks that were less stiff than
the generic casks. This large amount of test data was used to develop an empirical soil target
force-deflection equation that is a function of impactor area. Figure 5.12 shows the force-
deflection curves for impact of the steel-lead-steel truck cask. Corner impacts were assumed to
have the same contact area on the soil target as the end impacts, so only two curves are shown.
Similar aurves were developed feach of the other casks. Comparison guFe 5.12 with the

forces in Table 5.8 show that many of the impacts will result in very large soil penetrations.
This is consistent with the results seen in Waddoups’ tests, where casks were dropped 2,000
feet from a helicopter. Penetration depths for these impacts were up to 8 feet, and the equivalent
rigid target impact velocity was less than 30 mph. Integration of the force-deflection curve up to
the peak contact force determines the amount of energy absorbed by the target.
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Figure 5.12 Force-deflection curves for impact onto hard desert soil.
5.2.4 Concrete Targets

The force imparted to a cask by impact onto a concrete target is derived from test results by
Gonzales [5-13]. In his series of tests, a cask-like test unit was impacted onto two types of
concrete targets, one 12 inches thick and one 18 inches thick, at velomitie20 to 60 mph.
All of the impacts were in an end-on orientation. Based upon the results of these tests and
engineering mechanics, an empirical relationship between the force and energy absorbed was
derived. For impacts onto concrete slab targets there are two mechanisms that produce large
forces onto the cask. The first is the generation of a shear plug in the concrete. The force
required to produce this shear plug is linearly related to the impact velocity, the diameter of the
impacting body, and the thickness of the concrete. Equation 3 gives the empirical equation for
the force required to produce the shear plug.

F, =Cyv.dt (3)

s e”l"C
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where Eis the force required to produce the shear plygs @ empirical constant (16.84), v
is the equivalent impact velocity, id the diameter of the impactor, andstthe thickness of the
concrete slab.

The energy absorbed in producing this shear plug is linearly related to the cask diameter, the
square of the impact velocity, and the fourth root of the slab thickness. Equation 4 gives the
empirical equation for the energy required to produ ce the shear plug.

E.=Cdv2t°%® (4)
where Eis the energy required to produce the shear plug and @ empirical constant
(0.00676).

After the shear plug is formed, further resistan ce to penetration is achieved by the behavior of the
subgrade and soil beneath the concrete. This material is being penetrated by the cask and the
shear plug. Generally, the shear plug forms with 45-degree slopes on the side. Therefore, the
diameter of the soil being penetrated is equal to the cask diameter plus twice the slab thickness.
The behavior of the subgrade and soil is assumed to be the same as the hard desert soil used for
the soil target impacts. Figure 5.13 shows a comparison of the empirical relationship with one
of Gonzales’ tests. Figure 5.14 shows the force-deflection curve for the steel-lead-steel truck
cask impacting a 9-inch thick concrete roadway at 120 mph. For corner and side impacts an
equivalent diameter is calculated to fit with the empirical equations. For each case the diameter is
calculated by assuming the shear plug forms when the concrete target has been penetrated two
inches. The area of the equivalent diameter is equal to the area of the concrete in contact with the
cask when the penetration depth is two inches. To calculate the equivalent velocity for concrete
targets the force required to generate the shear plug must be compared to the peak contact force
for the impact onto the rigid target. The velocity required to produce this force can be calculated
from Equation 3. The kinetic energy associated with this velocity is absorbed by a combination
of producing the shear plug, penetration of the subgrade and soil beneath the concrete, and
deformation of the cask. The energy absorbed in producing the shear plug is calculated by
Equation 4, the energy absorbed by the cask is equal to the kinetic energy of the rigid target
impact, and the energy absorbed by the subgrade and soil is calculated in a maliando $hat

for the soil impact discussed above. If the amount of energy to be absorbed by the soil is
sufficiently high, the force in the soililvbe higher than théorce required to produce the shear

plug. In this case, an iterative approachesessary to derive an equivalent velocity so that the
maximum force generated in penetrating the subgrade and soil beneath the concrete is equal to the
peak contact force for the rigid target impact.
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Figure 5.13 Comparison of test force-deflection curves
with those derived from the empirical equations.

The only orientation of impacts onto concrete targets where test data is available is for end
impacts. In this orientation the contact area between the cask and the concrete does not increase
with increasing penetration distance. In order to use the empirical relationships developed for
end impacts with other impact orientations, an equivalent diameter must be determined. For both
the side and corner impacts, the equivalent diameter was calculated to have an area equal to the
area of the cask two inches above the contact point. For side impact orientations, this area is a
rectangle. For corner impact orientations this area is a truncated parabola. Table 5.9 gives the
equivalent diameters used fmach of the casks. For all of the casks, the equivalent diameter for

the corner impact is much smaller than the cask diameter. This is especially pronounced for the
rail casks. In reality, the failure mode for a concrete target being impacted by a large cask in a
corner orientation is probably not generation of a shear plug, but rathétireggpnsile failure

and subsequent rotation of the slab to allow perforation by the cask. After penetration of the

concrete occurs, the area of the cask plus concrete penetrating the soil is equal to the cask cross-
sectional area (the same area used for the soil target impacts).
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of the steel-lead-steel truck cask at 120 mph.

Table 5.9 Equivalent Diameters for Concrete Impacts

Cask Orientation | Equivalent Diameter

| _ _ ) (inches)
Steel-Lead-Steel Truck Corner 15.3
End 27.5
Side 61.1
Steel-DU-Steel Truck Corner 20.2
End 28.0
Side 60.6
Steel-Lead-Steel Rall Corner 13.6
End 80.0
Side 79.8
Monolithic Rail Corner 13.0
End 85.0
Side 79.0
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5.2.5 Hard Rock Targets

For impacts onto hard rock targets the target is assumed to be a semi-infinite half plane. The
force and energy absorbed by the target is determined by the volumetric behavior of the rock.
For hard rock surfaces this behavior is sufficiently stiff that Witlg energy is absorbed by the
target. For this reason these impacts are treated as rigid target impacts.

5.2.6 Example Calculation

In this section, the methodology discussed in Section 5. . benapplied to the steel-lead-steel
truck cask using the soil target properties from Section 5.2.3. For the 120 mph impact in the

end-on orientation the peak contact force acting on the cask»s 1ZP pounds (from Figure 5-

11 or Table 5-8). For a soil target to generate this amount of force, the cask must penetrate
slightly over 12 feet (from Figure 5.12). The energy absorbed by the soil target while it is being
penetrated to this distance is equal to the integral under the force-deflection curve up to this

penetration distance. For this case, this is equal tox136° foot-pounds. The kinetic energy

of this 50,000 pound cask tralireg at 120 mph is 24.1x 10 foot-pounds. This is the amount

of energy absorbed by the cask for impact onto a rigid target. For the impact onto the soil target,
the cask will therfore absorb 24.1x 1 foot-pounds of energy and the soilllwabsorb

136 x 10 foot-pounds of energy for a total of 1601C° foot-pounds of energy. The cask

velocity that is associated with this amount of kinetic energy is 309 mph. This velocity is much
higher than the 150-mph top velocity in #ezid ent velocity distributions. Note that all of the
equivalent velocities determined in this manner neglect the energy absorbed by the impact limiter.

5.2.7 Results for Real Target Calculations

Tables 5.10 to 5.13 summarize the results for impacts onto soil and concrete targets.

Table 5.10 Real target Equivalent Velocities (mph) for the Steel-Lead-Steel Truck Cask

[ Target/Orientation Rigid Target Velocity
30 mph 60 mph 90 mph 120 mph
wj/o limiter w/o limiter wi/o limiter w/o limiter
[Soll
End|  >150 >>150 >>150 >>150
Side 70 >150 >>150 >>150
Corner 61 135 >150 >>150
Concrete Slab
End 123 >150 >>150 >>150
Side 35 86 135 >150
Corner 56 123 >150 >>150
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Table 5.11 Real Target Equivalent Velocities (mph) for the Steel-DU-Steel Truck Cask

[ Target/Orientation

Rigid Target Velocity

30 mph 60 mph 90 mph 120 mph
w/o limiter w/o limiter w/o limiter w/o limiter
Soil

End|  >150 >>150 >>150 >>150
Side 99 >>150 >>150 >>150
Corner 128 >150 >>150 >>150

Concrete Slab
End 134 >150 >150 >150
Side 56 142 >150 >>150
Corner 121 >150 >>150 >>150

Table 5.12 Real Target Equivalent Velocities (mph) for the Steel-Lead-Steel Rail Cask

[ Target/Orientation

Rigid Target Velocity

30 mph 60 mph 90 mph 120 mph
w/o limiter w/o limiter w/o limiter w/o limiter
Solil
End| >>150 >>150 >>150 >>150
Side 72 >150 >>150 >>150
Corner 68 133 >150 >150
"Concrete Slab
End|  >150 >>150 >>150 >>150
Side 85 >150 >>150 >>150
Corner|  >>150 >>150 >>150 >>150
Table 5.13 Real Target Equivalent Velocites (mph) for the Monolithic Steel Rail Cask

Target/Orientation

Rigid Target Velocity

30 mph 60 mph 90 mph 120 mph
w/o limiter w/o limiter w/o limiter w/o limiter
Soil

End|  >150 >>150 >>150 >>150
Side 92 >150 >>150 >>150
Corner 111 >150 >>150 >>150

Concrete Slab
End|  >150 >>150 >>150 >>150
Side 104 >>150 >>150 >>150
Corner| >>150 >>150 >>150 >>150
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5.2.8 Impacts onto Water

Equivalent velocitiedor impacts onto water targets for vet@s greater than the regulatory
impact are assumed to be above the range of possible impadtiegeeld0 mph). The
incompressible nature of water makes perfectly flat impacts quite severe. As the impact velocity
increases smaller deviations from the perfectly flat orientation are sufficient to cause the lack of
shear strength in water to dominate the response. Because perfectly flat impacts are very
impro bable, this approach is justified.

5.2.9 Correlation of Results with Modal Study Event Trees

The Modal Study [5-12] event trees specify impact surfacesafdr accident type. Because
these event trees are used in this study to deteramtigentprobaliities, this section will
discuss which of the velocities deter minéd\ae correlate to the surfaces specified in the event
trees. For this study the event tree surface of railb ed/roadlbdae weated as soil. The soll
impacted in the tests used to calibrate the model was very hard desert soil, typical of
Albuquerque, New Mexico. This soil is generally harder than the soil found on railbeds and
roadbeds. For impacts onto the event tree surface ofiltldlyés equivalent velocities will
always be higher than the soil impact velocity derived here, but this velocity will be conservative
and is therefore used. For the event tree surface of soft rock/hard rock/concrete the data from the
concrete slab analyses will be used. In the ModalySthe equivalent velds for the event

tree surfaces of column and abutments were the same as those for the soft rodkduardrete
surface. This approachimbe repeated in this wly. The event tree surface of hard rock will

be treated as unyielding at all vatas, because the amnt of energy absorbed by the rock is
only a small portion of the impact energy. For all of the other impact surfaces the 30-mph
equivalent velocity is taken directly from the Modal Study.

5.3 Puncture Analyses

Review of data from the Association of American Railroads (AAR) on the puncture of railroad
tank cars indicates that cars with a shell thickness greater than or equal to one inch rarely
experience puncture failufes Because the steel-lead-steel rail cask in thidyshas an outer

shell thickness of two inches, it is highly unlikely that even the outer shell wllittured in

any rail accident. The containmdrttundary on the sandwich-wall casks is the inner shell, so
puncture failure of the outer wallillsot result in any release. The residual energy necessary to
puncture the inner shell after the outer shell and shielding layers have been perfoiratied is s

in magnitude to that required to puncture the outer shell, making loss of containment in puncture
accidents even more unlikely. gbre 5.15 shows the relationship between tanker shell thick ness
and fraction of cars involved in puncture-tygeridents that were failed becausepohcture.

Even the truck casks, which have thinner outer shells than rail casks, have a composite wall
strength that is significantly greater than the strength of the strongest tank cars. Thiétyrobab
that these casks will be falled because mincture is extremely low. This

1. Personal communication with D. J. Pasternak and data from RPI-AAR Railroad Tank Car Safety Research
and T est Project, June 1998.
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Figure 5.15 Fraction of railroad tank cars involved in
puncture-type accidents that failed because of puncture.

is consistent with recent analysesf@emed by the NRC in response to questions from the
AAR. These analyses concluded that it would be impossible for a rail coupler or a regulatory
puncture spike to puncture the wall of a rail cask [5-16].

5.4 Failure of Rods

The percentage of fuel pins damageddach impact is estimated based on the peak-igaty
acceleration. The STACEpert [5-17] provides strains in the fuel pin cladding for a 100-G side
impact for both PWR and BWR assemblies. In that report, it was shown that side impact
provides the most severe loading to the fuel assemblies. During end-on impacts, the fuel
assemblies are loaded by axial compressive loads. This type of loading will cause the individual
rods to eventually buckle. eBause of the limited spata lateral motion that results from this
buckling and the very slender nature of the fuel rods, relatively low strains are produced.
Therefore, in this report, the maximum strain generated in a fuel rod due to impacts onto a rigid
target at any of the four speeds and three impact orientations modeled by the finite element
calculations will be estimated using the peak acceleration of the impact to scale the largest strain
generated in a fuel rod by a 100-G side impact. The iibdhen be said to fail whenever the
scaled strain level equals or exceeds the strain failure criterion developed in the next section.
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5.4.1 Rod Failure Strain Criterion

As of 1994, the U.S. commercial spent fuel inventory contained about 49 percent low burnup
(0 to 30 GWDUYMTU) fuel, about 49 percent intermediate burnup (30 to 45 GWDtYMTU) fuel,
about 2 percent intermediate to high burnup (45 to 50 GWDt/MTU) fuel, and only 0.2 percent
high burnup (50 to 60 GWDt/MTU) fuel [5-18]. eBent datalgygest that, as of 1998, about 25

to 30 percent of PWRs and 15 to 20 percent of BWRs were producing high buriu pSinee

hardly any high burnup fuel was being produced in 1994, linear extrapolation of this data
suggests that by 2010 almost all U.S. commereaitors will bgroducing high burnup spent

fuel and about half W be produ cing high burnup fuel in 2002.

In 1994, the 109 poweeactors that were operating in the United States gendr@@&dMT of

spent fuel [5-18] or 17.28 MT peeacbr-year. If all of the U.S. commercial powezactors
operating in 1999 extend their plant lives to 40 years, then data published in Nuclear News [5-
19] allows the amounts of spent fuel thatl Wwe generated over the remaining life of these
reactors to be calculated. The rate ohwversion to high burnup fuel can be captured by
assuming that from 1995 through 2001, all operagagtors will generate fuel witburnups of
40-45 GWDtY/MTU and from 2002 through the end of their operating lives thleglivgener ate

high burnup fuel (fuel with burnups of 55-60 GWDt/MTU). Thus, during the seven year period
from 1995 through 2001, 13181 MTU = (7 yrs)(1883 MTU per yr) of 40-45 GWDt/MTU fuel
will be produced; and, after 2001, 33600 MTU = (17.28 MT pactr)(1945 eacbr-yrs) of

high burnup fuel ull be produced where, as Table 5.14 shows, 1945 is the number of years of
reactor operation aft€2001 that vill occur if all of the reactors operating 999 extend their

plant lives to 40 years.

The strains that cause rod failure are expected to lie somewhere between the uniform plastic
elongation (UE) and total plastic elongation (TE) strains that produce rod failure, probably well
below the total elongation strains and not much above the uniform elongation’.str&ios
average burnup fuel, the results of Bauer and Lowry [5-20] suggest that, when heated to 200 to

300 C, average burnup spent fuell iail when UE strain levels reach 4 percent or TE strain
levels reach 8 percent. For averdgenup fuel, Sanders et al. [5-17]tireste that the
probaliity of rod failure due to an impact that generates a biaxial stress ratio (pressurized fuel
under tension) of 0.9 is 50 percent when the rupture strain is 4 percent. For high burnup fuel,

the data of Smith et a[5-21] and Garde et al. [5-22] indicate that at°3@0high burnup fuel

will fail when UE stain levels reach 1 percent or TE strain levels reach 3.8 percent. Accordingly,

1 percent and 4 percent strains respectively are assumed to cause the cladding of high (55-60
GWDt/MTU) and high intermediate (40-45 GWDt/MTU) burnup spent fuel rods to fail, which
suggests that the rod failure strain criteriofl mcrease 1 percerfor each 5 GWDY/MTU
increase in burnup.

1. Personal communications, J. Finucane, Coal, Nuclear, and Renewable Fuels Division, U.S. Department of
Energy, 1999.
2. Personal communication, M. Billone, Argonne National Laboral®99.
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Table 5.

14 Calculation of Reactor- Years Producing High

Burnup Fuel

Start Years Start Years Start Years

Reactor Type Year >2001|Reactor Type Year >2001|Reactor Type Year >2001
Calloway PWR 85 23|Arkansas 1 PWR 74 12|Hope Creek BWR 86 24
Cook 1 PWR 75 13|Arkansas 2 PWR 80 18|Salem 1 PWR 77 15
Cook 2 PWR 78 16|Grand gulf BWR 85 23|Salem 2 PWR 81 19
Palo Verde 1 PWR 86 24 |River Bend BWR 86 24|R.E. Ginna PWR 70 8
Palo Verde 2 PWR 86 24|Waterford 3 BWR 85 23|Virgil C. Summer PWR 84 22
Palo Verde 3 PWR 88 26|Davis Besse PWR 78 16|South Texas 1 PWR 88 26
Calvert Cliffs 1 PWR 75 13|Perry 1 BWR 87 25|South Texas 2 PWR 89 27
Calvert Cliffs 2 PWR 77 15[St Lucie 1 PWR 76 14]|San Onofre 2 PWR 83 21
Pilgrim BWR 72 10|St Lucie 2 PWR 83 21|San Onofre 2 PWR 84 22
Brunswick 1 BWR 77 15[Turkey Point 1 PWR 72 10|Farley 1 PWR 77 15
Brunswick 2 BWR 75 13[Turkey Point 2 PWR 73 11|Farley 2 PWR 81 19
Robinson 2 PWR 71 9|Crystal River 3 PWR 77 15|Hatch 1 BWR 75 13
Shearon Harris PWR 87 25|Oyster Creek BWR 69 7|Hatch 2 BWR 79 17
Braidwood 1 PWR 88 26|Three Mile Island 1 PWR 74 12|Vogtle 1 PWR 87 25
Braidwood 2 PWR 88 26|Duane Amold BWR 75 13|Vogtle 2 PWR 89 27
Bryon 1 PWR 85 23|Clinton BWR 87 25|Bellefonte1 PWR 95 33
Bryon 2 PWR 87 25|Cooper BWR 74 12|Bellefonte2 PWR 95 33
Dresden 2 BWR 70 8 [FitzPatrick BWR 75 13|Browns Ferry 1 BWR 74 12
Dresden 3 BWR 71 9|Indian Point 3 PWR 76 14|Browns Ferry 2 BWR 75 13
LaSalle 1 BWR 84 22|Nine Mile Point 1  BWR 69 7|Browns Ferry 3 BWR 77 15
LaSalle 1 BWR 84 22|Nine Mile Point1  BWR 88 26|Sequoyah 1 PWR 81 19
Quad Cities 1 BWR 73 11|[Seabrook PWR 90 28|Sequoyah 1 PWR 82 20
Quad Cities 2 BWR 73 11 |Millstone 2 PWR 75 13|Watts Bar 1 PWR 96 34
Indian Point 2 PWR 74 12 |Millstone 3 PWR 86 24|Watts Bar 2 PWR 95 33
Palisades PWR 71 9|Monticello BWR 71 9|Comanche Peak 1 PWR 90 28
Fermi 2 BWR 88 26 |Prairie Island 1 PWR 73 11|Comanche Peak 2 PWR 93 31
Catawba 1 PWR 85 23|Prairie Island 2 PWR 74 12|Vermont Yankee BWR 72 10
Catawba 2 PWR 86 24|Fort Calhoun PWR 73 11|North Anna 1 PWR 78 16
McG uire 1 PWR 81 19|Susquehanna 1 BWR 83 21|North Anna 2 PWR 80 18
McG uire 2 PWR 84 22|Susquehanna 1 BWR 85 23|Surry 1 PWR 72 10
Oconee 1 PWR 73 11 |Diablo Canyon 1 PWR 85 23|Surry 2 PWR 73 11
Oconee 2 PWR 74 12|Diablo Canyon2  PWR 86 24|WPN-2 BWR 84 22
Oconee 3 PWR 74 12|Limerick 1 BWR 86 24|Point Beach 1 PWR 70 8
Beaver Valley 1 PWR 76 14 |Limerick 2 BWR 90 28|Point Beach 2 PWR 72 10
Beaver Valley 2 PWR 87 25|Peach Bottom 1 BWR 74 12|Kewaunee PWR 74 12
Peach Bottom 2 BWR 74 12| Wolf Creek PWR 85 23

Reador-Years at High Burnup 1945
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Use of the combination of the extrapolated amounts of intermediate and high burnup fuel with
the 1994 data for metric tons of spent fuel by burnup range produces the basis for constructing
an average strain failure level as a weighted sum of strain failure levels weighted by the amount
of spent fuel in eacburnup range. To do this, the cladding strains that produce rod failure are
assumed to increase roughly linearly with decreasing fuel burnup. High burnup (55 to 60
GWDt/MTU) spent fuel is assumed to fail at 1 percent strain, intermediate burnup (40 to 45
GWDUYMTU) spent fuel fails at 4 percent strain, and low burnup (0 to 25 GWDtY/MTU) spent
fuel fails at 8 percent strain. As Table 5.15 shows, weighted summation of these cladding strain
levels by burnup range produces an average failure stain level of 3.6 percent. This average is
probably somew hat low for three reasons: @@jabse it is derived using unifo rnorajation

strains which are expected to undéneste somew hat the strains requiregtodu ce rod failure,

(b) because not all operating reactors will extend their operating life to 40 years, and (c) because
not all operating reactors wilbanvert to a fuel management cycle that produces high burnup fuel.
Accordingly, in agreement with the STACE report [5-17] and consistent with failure strains
reported by Westinghouse for several burst tests [5-23], an average strain failure criterion of
4 percent seems reasonable for the U.S. commercial peadonr spent fuel inveory even

after correcting for the amounts of high-burnup fuel likely to be produced during the remainder
of the nuclear fuel cycle in the United States. Finally, a sensitivity calculation described below
in Section 8.10. 3, shows that, when rod failure fractions are set to 1.0 fdlisidrcscenarios
regardless of their severity, mean accident dose risks are increased by only a factor of 2.0.
Thus, mean accident doses and dose risks are not particularly sensitive to the average value
chosen for the strain criterion for rod failure durinljgion accid ents.

Table 5.15 Calculation of Mass Weighted Sum
of Burnup Dependent Rod Strain Failure Levels

GWDT Criterion

per MTU | MTU Range | Weighteq
0-25 8437 8 0.88
25-30 6177 7 0.56
30-35 6815 6 0.53
35-40 5149 5 0.34
40-45 2570 4 0.13
45-50 636 3 0.02
50-55 44 2 0.00
55-60 5 1 0.00
AvBU 13181 4 0.69
HBU 33600 1 0.44
Total 76614 Sum 3.60
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5.4.2 Estimation of the Fraction of Rods Failed During Impacts

If the cladding strains are scaled by the ratio of peak rigid-lacdglerations calculated in
Section 5.2.2 to the 100-Gcceleration used in the STACEpoet, the number of pins with
cladding strains larger than 4 percent can be determined. These results are used to provide an
estimate of fuel pin failure percentages. Table 5.16 gives the peakattyagccelerations for

each of the analyses. Table 5.17 gives the strains in thedisetesulting from a 100-G impact,

taken from Figures I1I-60 and 111-64 of the STACE report. Scaling the strains in Table 5.17 by
the accelerations in Table 5.16 armmimting the number of rods with strains greater than 4
percent results in the fraction of rods failed given in Table 7. 1&fdr of the analy ses.

Table 5.16 Peak Accelerations from Rigid Target Impacts without Impact

Limiters, Gs

Cask Orientation | 30 mph 60 mph 90 mph 120 mph
Steel-Lead-Steel Corner 51.3 111.4 156.0 222.9
Truck End 200.6 289.8 378.9 445.8
Side 127.0 312.1 490.4 757.8

Steel-DU-Steel Truck Corner 132.6 224.3 291.6 346.7
End 203.9 254.9 297.8 346.7

Side 183.5 469.1 693.4 999.3

Steel-Lead-Steel Rai Corner 50.6 94.4 145.9 n.a.
End 167.3 303.0 371.1 483.6

Side 73.3 178.8 349.7 n.a.

Monolithic Rail Corner 93.8 174.2 259.1 335.1
End 169.8 424 .4 513.8 580.8

Side 98.3 241.3 424.4 491.5

5.5 Conservatism in Calculating Structural Response

In this section the conservatism associated with the various assumptions in the determination of
the structural response of the generic casks will be discu sspproxanately the same order as
the sections of this chapter.

Treating all corner impacts as if they were CG-over-corner forces all of the impact energy to be
absorbed on the primary impact end. For corner impacts away from CG-over-corner, some of
the initial kinetic energy of the cask will benverted into rotational kinetic energy at the end of

the primary impact. This rotational kinetic energy will be absorbed by a secondary impact on the
opposite end of the cask. Another conservatism in choosing the impact angles to be analyzed is
the assumption that all end and corner impacts occur on the closure end of the cask. The
deformations on the end away from the impact are much smaller, so if the impact occurs on the
end away from the closure therellvonly be small déormations in the closure region and no
releases for even the 120 mph impacts. In addition, the velocity vectors for albotithents

are assumed to be perpendicular to the impact surface. In reality, thdre avdistribution of

angles between the velocity vector and the impact surface, and only the component of the
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velocity vector that is perpendicular to the impact surfaltecause damage to the cask. |If the
median of the distribution is at 45 degrees, this results in a 70% reduction, on average, in the
compo nent of velocity that produces damage.

Table 5.17 Peak Strains in Fuel Rods Resulting from a 100 G Impact

Fraction of Peak Strain, Fraction of Peak Strain,
PWR Rods % BWR Rods %
1/15 3.3 1/7 1.1
2/15 2.9 217 1
3/15 2.2 3/7 0.85
4/15 2 a/7 0.83
5/15 1.7 5/7 0.78
6/15 1.5 6/7 0.66
7/15 1.4 717 0.62
8/15 1.4
9/15 1.4
10/15 1.3
11/15 1.3
12/15 1.2
13/15 1.2
14/15 1.1
15/15 1.1

Treating the impact limiter material as completielgked-up from a 30-mpimpact neglects the
design margirthat cask designermclude in their impact limitedesigns. Fomost cask designs
the regulatory impact only uses about 50% of the energy absorbing capabilityirapdotlimiter.

If the impact limiter carabsorbtwice as much energy (the energy frondGfoot freedrop) the
accident velocities associated with 8@ 60, 90and 120 mpHinite element calculations become
52, 73, 99, and 127 mph respectively instead of the 42, 6/ar@b124 mphespectivelyused in
this report.

The use of zero-thickness shell elements to represent the strpciahs ofthe sandwich walls
for the leadand DU shielded casks results in @arerprediction of leaglump and strain in the
walls. Because none ttie walls had strainghatwere sufficiently high tondicate tearing of the
stainless steethe overprediction of thesstrains did not have argonsequences. Therefore, the
only consequence of the zero-thickness shells is for loss-of-shielding analyses.

Omitting theneutron shielding and any lindrat is outside of it ignoreshe energythat will be
absorbed by thessomponents.During regulatorydrops (30 mph) this is insignificanut for
higher velocity side impacts it gossible forthe neutron shielding and its liner absorb enough
energy to reduce the damage to the remainder of the cask.
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The seal leak path areas are only calculated at the location of one of theihgstypical in casks
(the onethat isclosest to the interior of theask). Inreality, the o-rings at bothocations can
provide containment. For most of the analyses, the opening deflection at the locatioseabti:
o-ring is about half of the deflection at the inner o-ring.

The use of minimum material properties for the closure bolts results in a reduction of bolt clamping
force and an over-estimation of bolt elongatiorhe specified boltmaterial(SA-540 Grade B23
Class 5) can have yield strengths more than 50% higher than the values usedndusirealistic
values for bolt material parameters would result in smaller openings.

For soil impactsall of theresultsarebased upon soil properties around AlbuquerdiM, This

desert locatiorhas very hard soilggenerally nottillable) compared tanost of the rest of the
nation. For impacts onto more typical soils even higher velogitiedd be required tobtain the
damage levels from the rigid target finite element analyses. For impacts onto hgghveaes, all

of the surfaces are assumed to be concrete. Impacts onto asphalt highway wodétdée less
severe. Forimpacts onto rock these analyses asshmextk would absorb none dfie impact
energy. In reality, if a spent fuel cask were to impact into solid rock there would be some cracking
and spalling of the rock surface as a resuthefimpact. This damage to theock surfacamplies

that it is absorbing some amount of energy.

Although the puncture data given in this chapter indicate the probdbiifyuncturing a cask with

a wall thickness greater than 1 inch is extremely remote, the risk analyses in this report assume the
truck casks are punctured in 0.1% of the accidents. Even more conserviteassumptiorthat

the rail casks are punctured in 1% of the rail-coupling impacts and 0.1% of all other impacts.

Scaling the strains in the spent fuel rods calculated for a 100 G impact by the accelerations for more
severe impacts significantly overestimates thd strains. Asthe geometry of aspent fuel
assembly changes in the more severe imptesiieformations become constrained dulniited

space. Once this happens, the strains will no longer increase with increasing load.
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